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THE DZVELOPMENRT OF ELECTRICAL STRAIm GAGVS

By A. T, de Forest and H. Leadorman

SUMMARY ' - -

- e —

The design, construction, and properties of an clcc-
trical-resistance strain gage consisting of fine wires
molded in a laminated plastic are described. The propef-
ties of such goges arc discussed and also the prodlems
of molding of wires in plastic materlals, tomperature
compensation, and cementing and removal of the gagts.

Further work to be carricd out omn the strain gago,
together with instrumcntation problems, is discussecd.

IZTRODUCTIOE TO THE STRAIN-GAGE PROBLEM

Two treads are especially obscrvadble 1in modern en-
gincecring progress. Onc is a trend toward larger struc-—
tural units and higher spcods and tho other is a trend
toward the productlion of the lightest structure consistent
with safocty. These trends are especially noticecable in
aircraft engincering. The design of lorge long-rangoe
niliter; and civil aircraft reguirecs a rigid control of
weight both of the structurc and of the power plant. In
previouvs years, it was sufficient to make sure that struc-
tural ‘clcments as a wholo, such as wing beams, fuselages,
and so on, wers capable of carrying the computed acrody-
namic and inertia londs. The preseant ratc of progress
reguirces that the stresses be checked in the individual
structural moemders and fittlngs in oxder to eliminate
unnecessary extra strength as well as to detcct sourcses
of wecakness. : P

In acronautical work, 1t is desirablc that these
strosses be measured both on the ground with static loads
aond in flight., On the ground, the loading simulates the
computed acrodynamic and incrtia loads; tho computoed N
stresscs can then bPe confirmed by placing strain gagos
at the dosircd points of tho structure., -In flight, the
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loading assumptions can be checked. For this purpose an
electrical strain gago of the resistance type is deslr~
able, in which the strain 1s measured by tho change in
registance of a straincd conducting element. The strain-~
reccording device is cesscntially a bridge with galvanomoter
remote from the gage. The gage itself should be compact,
comparatively cheap to prqduce, and capadble of being ceo-
mented by both hot and coeld cements to stecl or duralumin.
It is dosirable, though not essential, that the goge be
removable for calibration previous or subsequent to the
test. Necessary requirements of such a strain gage for
static work ars that the resistance of the gaoge be inde-—
pendent of temperoature, and that thore be no creep cr
hystoresis in the strain-resistance rclationship of the

gage.

The carbon~pile principle has been adapted, in tha
well-known "Egs" strip of Profecssor de Forest (reference
1), to a form suitable for the measurcrment of dynanmic
strains up to very high frequcncies (referencoe 2). Un-
fortunately, this principle is unsuited for static work,
because 1lts resistance is very seansitive to temperature;
a change 1n temperature of 1° ¢. in the gage when cement-
ed to steel produces the some change in registance as
would a stress of approximately 1,000 pounds per sgqguare
inch in the ®toel. Furthermore, there is a marked hys-
teresis in the strain-resistance relation (reference 3);
in addition, the resistance is somewhat susceptidble to
changes in relative humidity in the atmosphere.

For accurate measurement of static strains, the Ess
strip 1s therefore unsuitable. It was considered that
the development of the Ess strip tc a stage where it could
be used for static work would be a long and difficult, 1f
not an impossible, task. Accordingly, it was decided to
make a fresh start, using the atrain sengitive properties
of fine metallic wires.

For some months previous to the commencement- of the
present investigation, Professor A. C. Ruge of the Massa-
chusetts Institute of Technology, had been investigating
the secnsitivity of fine mesallic wires to strain and tem~—
peratttre, He used celluloid-acetone lacguer to attach
the wires to the metallic surface, with a layer of paper
(for insulating purposes) interposed. Professor Ruge con-—
tributed much preliminary data on strain-resistance rela-
tionships in fino wires, and various alloy wires were fur-
nished through the kindnesa of Mr. G. E. Chatillon of John
Chatillon & Sons. - ’
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The procoss of cemcenting resistance wirc to papar or
other insulating material is not practicadble where the
cage must be removed for calibration, oand the good guoli-
tiecs of the provious Ess strip worce combined with the wire
gage to overcomc this difficulty. Tho problom that pro~
sentcd itself was threefold. R c--

(o) Mounting: to dovelop.a suitable method of casting
or molding the wire in & plastic material.

(b) Tomperature compensation: to develop mcthods by
which the effect of temporeturc on the rosist-
ance of the gage could be compensntod.

(¢) Attachment: to dovelop and test hot-and cold-co-
nenting mothods, and methods of removing ce-
nented gages without damage. < :

Two simplc methods of mountinyg the fine wires have
bocn developed. In one, the wiro is molded between layors
of bakelized paper. The goges can, of course, be of any
reasonable dimension, and it has beon found convenicnt %o
makc thom about 3 inches long by 3/8 inch wide by 0.010
inch thick,. In the other form, the wire is molded into a
trensparert thernoplasiic resin, Lucite (ncthyl metha-
erylate polymer). Phese goges arce about 4 inches lon.; by
3/8 inch wide by 0.03%5 inch thiclk. Other forms that wore
doveloped hove been discorded because of the difficulty,
time, or uncertainty involved in their construction.

It would be thought that o wire such ns comstanton or
nanganin, the resistance of which is proctically independ-~
ent of temperaturce, when molded in a plastic nount and ce~-
mentod %o o stecel or duranlumin bar, would nct as a tempor-
aturc—-coapeunsated stroin rasgo. This result is not forth-
coning since therc usually exists a difference in the
thernal coefficients of cxzpansiorn of the metal spocinmen
end of the wire in the gage. ¥hen the bar is hected, this
differonce imposcs a loangitudinal strain on the wire in
the rnage, changing its rosistnace, even thoush the bar to
whilch the gage is attached 1s unsitrosscd. It follows that
o resistance strain gage temperaturc-componsnted wheon at-
tached to stecel will not be compensated when attached to
duraluvnin, owing to tho differcant coefficiocnts of expan-~
sion, :

Compenrnseation has been cffected by cnploying in the
gage two types of wirc. The wires lic parallel to the -
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length of the- gage and are counnected in series or parallel,
Onc wire has a positive temperature coefficient of resist~
ance and the other wire, a negative coefficient. The wiros
are so proportioned that temperature ecffects on the re-
sistances of the two wires counterbalance. The naterials
used at present are "copel" for the negalive constituent
and KWichrome for the positive constituent. The gages for
use on gtecl and those for use on duralumin arc similar

in design but differ in the proportions of wirc used. The
proscat gages have a rosistance of about 25 ohms, yet it

s possible to make, without difficulty, componsated gegos
having a resistance of 250 ohms and morec. It 1s possidle
to adjust, by means of an external resistance, tho gagcs
that are not perfectly temporaturo-comnponsated. It is
hoped shortly, howcvor, to be able to produce gages in
quantity, which arc sufficiently closely tcmperature-con-
pensatcd not to require these additional cexternal resist-
ancose.

Thoe ballelite gagos can easily bo cenented into posi-
tion, using de Khotingky ccnent,. This method required
heating of the metal to which the gago is to be attachod,
to 135° ¢. The gage can be removed, by rohocating or by
softening the cement in alcohol, for calibration or for
usec elscwhere. A conpensated grge, when ottached to a
steel bar strained in o testing machine, shows no obsecrva-
ble creecp or hysteresis in the strain~rcsistance -plot up
to the nmeximym strain employed (0.0007 inch per inch).,
Plastic wood, as a cold cenent, is hoped to behave as well,
Bakelite gnges cenented with plastlc wood can bo removed
vory guickly with acctone.

Lucite goges are rore Gifficult to cement since they
soften and warp on heating. They may be cenontod with
plastic wood; this comont dissolves 1n ceustic~soda golu-
tion, which doecs not affect the gago. ’ '

THE MOUITING OF FINE WIRES IN PLASTIC MATERiALS

In genoeral, there are throe ncthods of nounting wiros
in plastic matorials: by casting in a closod nold at an
elevated temperature, by molding in a closed mold under
" pressurce and tcemperature, nnd by pressing (without a mold)
‘resin-impregnated papoer or cloth., All thesc mcthods hovo
been tried, using difforent resins, with varring succcss.
When working with synthotic rcsins, it ig necegsary to
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bear in mind the essential chemical and physical proc-—
esses; these are summarized below.

Thermoplastic Resins

Thermoplastic resins are usually initially in the
form of fairly volatile mobile liquids, which are chemi~-
cally fairly complex unsaturated organic compounds, pos~-
sessing a single double bond in the molecule. In this
form the molecules exist singly. Under the. action of
heat, light, oxidizing, and other catalytic agents the
molecules combine to form long interlocking chains,with a
consequent Increase in viscosity of the liquid resin.

The increase in viscosity is at first relatively slow, dut
later accelerates through a rubber-like phease to resuld |
finally in a hard, transparent mass. This polymeriration
process is irreversible; it is impossible to convert the
sollid back to the original mobile liquid. The glassy
solid softens, however, at an elevated temperature. 4
high pressure can then be used to mold grains of the poly-
merized thermoplastic into any desired shape. There are -
thus two mcthods of forming a thermoplastic resin: poly-
merization of the liguid monomer by gentle heating (in a
closed vessel to prevent evaporation) and the molding un-
der pressure and a higher temperature, grains of the com-
mercial polymerized resin, - -

Thermosetting Resins

0f the thermosetting resins, phenocl formaldehyde is
typical and is by far the most widely used. Heating to-
gether of phenol and formeldehyde solution results in the
combination of phenol and formaldehyde molecules %o form
a threce-~dimensional network. At first, the rosin molecules
arc small, and the resin is consequently liquid at room
temperature. Liguid casting resins, such as ¥YMardblette,
are of this type. Further hcating causes an increase 1n
polymerization, so that the resin is no longer liguié at
room temperature. This resin ("A stage" resin) is the
basis of commercial molding powders and lacguers, Further
heating results in a resin (%0 stage! rosin) which is ’
solid and hard at all temperatures up to the temperdture
at which it chars. Molding powders are madé by adding a
filler (usually wood flour), accelerator, and dye to the
L stage resin. Lacaouers are made by dissolv1ng the A
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stage resin in alcohol There are thus three nethods of
forning thermosetting resins: =

(a) By casting the liquid resin around the wirs un-
der moderate tenperature.

(b)Y By molding around the wire "A stage" resin or
counnercial nolding powder under temperature
and pressura.

(¢) By inpregnating paper or cloth in a lacquer of
"A stageresin and drying, and then moiding
fine wires under t+tsmperature and pressure
between sheets of this paper aor cloth.

Casting of Wires in Thermoplastic Resin

Since the casting technique did not involve the appli-
cation of pressure and the danger of rupture of fine wires,
this casting of wires in thernoplastic resin was developed
first. 6Gages were sutccessfully cast, using methyl netha-
crylate nononer (supplied by the E. I. du Pont de Nemours
company). The pelymerized methacrylate resin is knowyn ¢com-
mercially as Iucites ‘Martlette liguid casting bakellte
resin was also used. It is not possible to obtain & solid
slip of resln by evaporating a solution of the resin; under
these circumstances, drying would ftake place on the surface
first, leaving the inside partly or wholly liguid. Holther
ig it possible %o obtaln a gage by casting grains of a
polymerized thermoplastic resin. At the highest allowable
temperaturcé, such a resin is not reelly fluid, and even
after prolonged _heating at that temperature a great many
air budbbles remain in the castlng.

O0f the commercially available thermoplastic resins, rethyl
methacrylate polymer (Lucite) has probably the best elastic
properties and is the casiest ta obtain in monomer form.

The casting mold is shown in figure 1. The wire G, to

be mounted in resin is soldered or welded to two plcces of
steel shim stock A and B (fig. 2) and assembled in the mold.
Before the mold is tightened up, the pliece B projecting
from between the side pieces is pulled taut, In this way
the three parts of the wire € become tlrht and straigzht
simultanecusly. -

The roguired quantity of monomer is_ﬁiié& with about
1 percent of benzoyl peroxids, which acts as a catalyat,
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poured into the mold, and "the covey screwed down. It is
necessary for the polymerization to be carried out slowly
to reduce the danger of bubble formation, wihich is wvery
likely %o occur around the wires. The best results were
obtained by raising the tomperature gradually from 40° to
60° C. over a period of 3 or 4 days. A clear water-white
strip of resin of dimensions about 3 inches by 1/2 inch
by 1/16 iach was produced, normally frec from bubbles.
Figure 5 shows diagrecmmatically the appecarance of the gage
after removal from the mold and figure 4, the final ap-
pearance of the gage after romoval of suporfluous metal .
and soldering-on of connecting wires. -

Since this process was long and tedious and since
successful results werc not always obtained, other mcthods
werce soupghte. '

Casting of Wires in Bakellite Resin

Marblette liquid phenol-formaldchyde rosin (supplicd
by the Harblette Corporation) was used in an attempi %o
cast a thermosetting resin that could be attached by
de Khotinsky. cement. The wire to Pe mounted was soldered
to a copper-foil mount (fig. 5) and the assembly clampod
in the casting mold. The liquid resin was poured in and ‘4
the mold heatcd for 2 days at a temperature rising from -
70° to 130° C. & hard, brown, opague, bakelite gage was
obtained that, though being thormosetting, was always full
of air bubbles. This method was consequontly abandoned
as being unsucccessful.

%

The Molding of Fime Wires in Lucite

Generally speaking, i1t is ocasier to mold articles of
Lucite from the commerical polymerized, granulated product
than to cast the articles from the ligquid resin in a lower
state of polymerization. The high pressures involved in
this .operation (from 1,000 to 5,000 pounds por square inch)
will rupture fLine wires unlcss special precaufions are
adopted.,. Figure 6 shows thce mold wusod for pressure moldiang
of wire strain gagessy The bolts on thée lower part of the
mold werc a2djusted so that the thickness of the finished
molding was about 1/32 inch.
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. "Double-Decker! Process

In the double-docker process, two strips of Lucito
4 inches by 1 inch by 1/32 inch are made in the mold. A4
wire assembly on a gauzce framework is placed betwoen two
such strips in the mold and the thrce componcnts "fusodl
by heat and pressure, '
First, a weighed guantity of commercinl resin is
placed in the mold and subjocted to a pressure of 5,000
pounds per squarce inch at 160° C. for about 15 minutes.
The mold is cooled under water and thc molded plece re-—
movod. Two such ploces aro made., One surface of cach
picce iI's moistoned with ths liquid monomer containlng ben-
zoyl pecroxide. The wire assembly soldaefed -t0o & coppor
gouze (or welded to a nickel gauze) Fframework:- (fig. 7(a))}
is placed betweon the piceces, with the moistened surfacces
faciny cach other., This sandwich 1is placed in tho mold
and heated to 160° C,, then subjected to a pressure of
1,000 pounds per square inch for 15 minutes. The mold is
cooled as béefore and the completely molded gage removed.
The gage ready for use is shown in figure 7(b). The fin-
ished. gage is about 0.075 irnch thick. An essential part
of this process 'is the molstening with the ligquid monomer.
of the strips of resin beforse. repressing, If these two
strips are moerely pressed togethor undery temperature in
the mold, thoy will fuse only at a fow isolated polnts, )
where the cnds of the molecular chains happen to colncldo.
Thesc two pileces can casily be split apart. Wetting the
surfaces with the liquid monomer produces_some new chaln~
forming material, which ccements the two piecces chemically
into onec coherent strip.

"Single-Dccker" Process

In .the 'single-deckor process, only onc strip of resin
is used; thus a more flexible, thinnor, moro auickly pro-
duced strip is obtaincé. The assombly, constructcd as be-
fore, is placecd at the bottom of the mold, then the moldod
picce .of Lucite, and finally a false assenbly, conteining
no wire. The three components are pressed together under
a pressure of 1,000 pounds per sqguara inch for 15 minutes;
the pressure is applied when the femperature of tho mold -
reaches 160° C. The resin appears to flow under and around
the wirc; when the mold is coolcecd and the molding removod,
both pieces of gauze and the wire appear to be thoroughly
embedded in the resin. I+ should be mentioned that, in the
absence of the upper gauze, the gage is warped on removal
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fron the noeld, owing to the differential contraction of
the copper gauze and the Lucite, Figurs 7(c) shows the
appearance of a single-decker gage after removal from the
mold., In this process (as in the doublo-decker process)
the wire is placed in the asemdly with some slaclk, and
very few casocs of rupturc or incomplcecite embedding of the
wire are obtained. Aftor the sides of the nmolding ars
saved off, the ends slit down, and . comnecitious soldered
on, tho gage is ready for usc.  Figure 7(d) shows a gage
which is about 0.035 inch thick coastructed in this man-
ner.

A large number of gages of tho double-decker and
single~decker types have been constructcd since the com-
pletion of a progross roport (reference 4) on this in-
vestigation. Data obtained from these gaged would have
enabled satisfactory gages compensated for steel and for
duralumin to be constructed, Since cortalan ccementing 4if-
ficultics associated with Lucite conld no% be overcome,
methods were dovcloped of molding gages in Bakelite.

The Molding of Wires in Bakelite Molding Powder

Lucite was originally chosen as a casting.and molding
material on account of its very good elastic properties,
The addition of a filler %o a resin, such as wood flour,
paper, or.cloth, though making the resin stronger, impairs
its elastic qualities, creep and hysteresis being very ~ o
evident in the stress-sirain properties of the fillled resin
(refercnce 5). It was folt that this strain creep and hys-—-
teresis was partly responsible for the resistance creep and
hysteresis of the Ess strip and that filled resins were
therefore to be avoided. This conclusion is now known To
be ill-founded, since gages molded in bakelite molding pow-
der (with wood-flour filler) and in laminated Bakelite
(with paper filler) show a complete absence of creocp and
hysteresis in the gtrain-resistance relation.

It was attempted to mold single~decker and double-
decker gages from bakelite resin and from molding powder.
Unlike the Lucite gages, these gages could be firmly and
easily attached with de Xhotinsky cement. The double-
decker gages were to be made by partly curing the material,
so that it had sufficient strength to be remdvéd from the
mold but could still fuse and cement itself onto another
similar strip. The unfilled resin when partly cured was
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too woak and brittle ond usually cracked on cooling. The
commercial molding powder was somewhat bettor and, aftor
some e¢xperincnit, the correct conditions wero found for the
two strips of 3akolite to fusce without clcaving along tho
Joining planc. In this precess, howover, the wires also
became broken. It was then attompted to mold single-dockor
gages as with Lucite, tho wilire assembly belng presscd into
a partly curcd strip of 3Bakelito. In only onc case was the
wire prcesscd firmly in, In all the other cases the wilre
could easily be pulled from the surface., This one cxcep-
tion, comented to0 a steel bPar with do Ehotinsky coment,
possosscd a lirncar, siraln-rcsistance characteristlc with-
out hystercsis. It was thercfore decided to mold the gages
from bakelizcd paper. '

Paper~Reinforced Bakollitc Goges

The paper-reirnforced bakelite gage is of all typces
tho simplest and guilckest to makao, the casicest to attach
10 stocl and duralumin, and the thinnest and lightest.

The wires composing the gage arc soldered to & frame-
work comstructed from strips of brass gauze about—1/8 inch
widece. Eight strips of resin~impregnated paper 4 inchos
.long by 3/8 ipch wide arc cut outs The wire assembly 1is
tacked down to onc of the strips by means of a warm soldor-—
ing iron and someo finely powdered A stage rasin (fig. 8(a)).
With a total of four strips of papor above and dbelow the
wiroes, tho whole asscmbly is placed botween polished shoots
of caromium~plated stccl and then between sheets of card-—
board. Molding is carricd ouf beitwecn platcens heatsd to
150° ¢, undor a pressure of 1,000 pounds per square inch
for 15 minutes. The gnge is thon rcady for soldering on
contacts to the gauze strips (fige. 8(b)).

At the present monment, spocial sclderiang and molding
Jigs arc being constructed. These ,jigs will enable the
cxact lengths of wire to be soldercd on; the wires will
be held taut and the pilcoces of paper held voertically ovoer
each other during the molding. In this way 1t wlll be
possible to produce easily and ropidly temperature~compon-—
gsated strain gages with reproducible characteristics.

L]
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STRAIJ SEEXSITIVITY
Tempcruture—Componsated Gages

The usoe of fine wiros to measure straineg is not novel
and the manaer of applicatlon is falirly obviouss The reo-
sistance of metallic wires as a rule 1s very much more
sersitive to changes in temperature than to changes in
strain., For stetic work, therefore, 1t is neccessary to
compeasato for the effoct of tcmporature on the rosistwncc
of the wire.

It has alrecady bcon mentioncd that tho problem of
temperature compensation cannot be solved by the usc of
wires such as coastantan and mangwnin. If these wires
have o thermal coofficiont of lincar oxpansion differont
fron that of steel, whon cemented to a steel surfoct which
is then heatod, thc wireg will suffor o longitudinol ox-
toengion or compression superimposcd by the stecol on their
normal dilatcotion. This additional extension or compros—
sion will change the resistance of the wire and so destroy
the temperaturc compensation. The nognlitude of this eof-
fect is shown Dy the following cxanmple: If 2 wire be found

that hoppons to be perfectly componsated when cementod to
duralumin, this wiroc when comented t0 stocl will chango
1ts rosistance when the temperaturc riscs 19 ¢, by an '
anount equivaleat to a compressive strcss of 400 pounds
per squerc inch in thoe stocl. It is thercfore clear that
spocial nmoethods of conpons*tion will have to bo sought
and thot goges compensated for usce on durwlumin will be
dlfferent fron gages conpeansated for usc oa stecl. It is
cleor also that the offccts of strain and tenperature on
the rosistance of wires nust be jolntly considercd.

Strain and Resistance

Since tho electrical rosistance of o nmetoallic wire
is proportional to its length and inversely proportional
to its cross—scctional arca, it night be assumed that the
increase of resistnnco of a wirc on sirainiag is due t0
the incrcease in length ond roduction in-cross— sectlonﬂl
arca. If tho strain sensitivity .8 be defincd as the |
raotio of the proportionnl incrensc 'in rosistonco AR/R
to the teasile strzin AV/Y, tho strain seasitivity
should be givea by - : '
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S =AR/R _ 1 4+ 8 g - - (1) '

where © is Poissont's ratio. The scuasitivity S should .
thus vory from 1.6 to 2.0, In actual proactico S can -
vary from large positive values to large negotive values,
the valuo for most wires being about 2.4. I+ is clear
that tho spocific rosistivity of a wire varics whon it 1is
strainced.' Though this phenomenon is known (roforonces 6
and 7)), therec socms to be no coansistency in the scanty
published data and neo satisfactory explanation of the pho-
nNnehRon, ' '

ideasurcnent of Strain Scasitivity

The strain-resistance relations of wircs molded into
gages were obtained by clamrplng or cemoating tho gages to
stcol-bars 1/8 inch thick and about 7/8 inch wide and ap-—
plying tenaslon lcocads to the stesl Dars through pins. The
chango in resistance was noasured by a ¥hedtstone brid:se, .
using the defleccetion nmethod. The strein was computed fron .
the load ocnd the cross-—-sectional nroaof tho bars. For
precisec work, this mothod is likely to be far fron cccu-
roto, since tho bars were by no ncans initially straigsht, a
Since, ti1ll vory reccntly, the goges were far from conpon-— :
santel, it was consldered that the crror due to tomperanture
drift was larger than the error duc to initinl curvaturo
of the bars. The error due to initlal curvature was nini-
nized by conmencing the tests at o load of 400 pounds.

Tests weroe usually conductod by loading the bar in steps

of 400 pounds from 400 pounds to 2,000 pounds through two
conplote cycles. The arrangenciat of appoarantus for a straln
tost 4s shown in figuroc 9.

Mcocasurenmoent of Rosistance

Two differont errangosicnts of Wheatstone pridge were -
avallable for necasurcmcent ¢f resistance. In ono forn, a ’
nultiratio bridege, the cxternal resistanco was balaoaced
by o decada box variable from 1 to 9,999 ohns, tho ratio
of the ratio arms bheing selected Py a switch. Since thasa
ratio arms were built into the bridge, the over-all sen-
sltivity could not be improved by adjustment of the values
of tho bridge resistances. When low-resistance gages (about
25 ohms) were to bo tecsted, the gago was placed in sorios
with a l-ohm resistance, across which could bo connecteod a
resistance of 24 ohms. With higher-resistance gages (of
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. the order of 100 ohns), a dccadc box containing 0.l-ohn

steps was placed in series with the gage. A docade box

ploced in shunt with the galvanometer is opoen-circuited

when balance is obtaincd. In the case of the low-resisti-.

ance gages, opening or closing the calibrating switch

gave the deflection corresponding to an incrcase or de-~

crcase in the external resistance of 0.04 ochm., The ncan
calibretion at the boginning aAnd end of each test wos

thus obtainecd. Individual calibration observations usual- .

ly agrced to better than 1 porcent. In the casc of the . T e
high-rosistance gages, calibration wos obtained by switch-
ing into serics with the gage 0.1 ohm or 2 higher resist-—
ance. Figure 10 gives the circult of the bridge arrangdﬁ L=
for a test on a low-resistance geage. Sien--

The other form of bridge used vas a variable-~ratio
bridege. The external resistance is balanced by a decade-
box variable from 1 to 999 ohms: the bridge ratio is vari-
able between narrow limits below and above unity. Cali-
bration is cffected in the same manner as with the multi-~
ratio bridgec.

Figure 11 shows the over-all sensitlivity calibration
for thoe multiratio bridge for the 0.1 and the 0.0l ratios.
Phe ordinates give the doflcction in divisions of the gal-
vanomcter scoale for a l-percent change of external rosist-
ance ‘using a 6-volt battery. It is seon that in the reglon
of 20 to 100 ohms tho sensitivifty with the 0.1 ratio grcat-
ly ecxcceds that with the 0.01 ratio; also thot maximum
sensitivity is obtaincd with & goge resistance of the or-
der of 20 ohms. The deflection of the galvanometer in
this, arrangement could be estimated to 0.01 division.

Thus a reslstance change of 2.5 parts per million could ‘be
detected, corresponding to & strain change of about 1 pari
per million. Figure 12 gives the corresponding calibra-
tion for the variable-ratio bridge used with a different
galvanometor.

Results of, Strain HMcasurcments N oo

From the tests on compensated gages constructed from
laminated Bakelitc comented to steel with dc Khotinsky
cemont, it is concluded that there is no crecp nor hyster-
osis in the strain-resistance relations of metallic wires.
Undcer laboratory conditlons tcsts on noncompensated gages
containing single wires gave the samc result, though with
such specimens variation in laboratory temperature during
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a tost producos h resistonce drift thet night be mistaken
for 1lmperfection in the strain jagpe. Tests on Lucite
cages clamped or cemented to steel with plastic wood
cement showed very little hysteresis in the strain-resist-
ance rsalation,. Such hysteresis as was found must be at-
tributed to imperfect cementing or clamping.

As an example of the linearity between strain and
resistance, the following tz2ble gzives data obtained in a
straln test on & tcmpeornture-compeansatoed gnge, dosignated
PB 6, made in laminated Onkelitc., - The goagse was comoented
to a steel bar by de Khotinsky cement.— The readings are
of galvanometor deflections for two loadin, cycles.

TABLE I
Strain-Test Data for Gage 7B &; Temperature-Comjensated, Laminated Balkelite

Gage resistance 23.0 ohms -
[Galvancometer calibration 137.25 division = 1 chm c;an‘e of resistance]

Gelvanomcter readings
Stress .
in First cycle - Second cycle
stesl —

Load Load Ioad : Loag
flb /sq in. ) increasing decreasing Increasing - decreasing
4,267 | . 7.92 > 79T e 7.87

/’ A .

8,533. 9.18 9.21 9.22 ’ 9.22
12,800 . 10.38 10.39 10.40 10.38
17,067 11,52 11.50 11.53 11.50

AN )ﬁ \“\ . ,;?
21,333 > 12,63 ~> 12.854 —

The agrecment between the deflections at each load statlon
is too0 close to be shown on a graph. In figurc 13 the

mean reading a4t each etress level is plotted against stross,
From the slope of the straight line tho sitrain sensitivity

S 1is obtained.
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Strain-Sensltivity Data

In table III 1is gliven tho measured strain sensitivity
of certain wires molded into resin. The table gives tho
type of resin, manner of attachment, and strain sensitivity
for diffcrent wirves., The code usecd to designate tho type
of resin is given in table II. The sourcec of the wires in
table III is given in table IIla.

TABLE II

Pypes of Resin

Type of mount Code
Laminatoed Bakeclite PB _
(paper filler)
Molded methyl methacrylate MM
(Luciteo)
Molded Bakelite MB

(wood-flour filler)
Cast methyl methacrylatec o

Cast Bakelite B
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TABLE III

Strain Secnsitivity

Strain
Jire - Type of Mzthod of scnsitivity
mnount . attachment S

Copel PB de Khotineky ccment 2.28
Fichronmo PR "~ dc Khotinsky cemont 2.85
Isoclastic PB de Ehotinsky cconeant 3,00
Copel : MM Plastic wood 2.40
Ohmax (soft) ' MM Clanped 2.05
Ohmax (hard) MM Clamped . 2.22
Advance MM Clamped 2.25
Isoclastic MM Clamped 2.94
Isocclngstic MB da K{otinsky cement 3.47
Advonco M Clompod 1.98
Isoolastic M Clanped 2,92
Monel M Clanped l1.92
Advanco B d¢ EKhotinsky ccoment 1.94
Isocelastic B de Xhotinsky cemont 2482
Manganin 3 dc Khotinsky cocmont .69
l-percent Ma-nickel Shellac Shellae ~1.16

It is sccen that the strain sensitivity of a wire 1s
affectod only to o small degreec by the type of plastic
mounl. The differcnce is probably loss than appears froo
the table, since the data ncar the foot of the tablo rop-
resonts the rosults of carlicr, less accurate tests, ¥With
the excoption of advance and monel wilres, the strain sensi-
tivitles lie outside the values of 1.8 and 2.0 given by
the simnple theory; manganin has a snall positive value ond
the nickel alloy & nogative valuec.
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TABLE Iila

Wires Used in This Research

Wire Suppliecd by : Ronmarks
Hichroma : BDriver-harris Gompaﬁy | ' Hnrd
Manganin Driver-Harris Conpany Hdrd
Advance Driver-Harris Company Hard and—ébfé

specincns
Ohnax . Driver-Harris Conpany Hard and soﬁﬁ

gpccinens

Copel Hoskins MKfg. Gpnpany _“_Eard B
l-porcort Mn-nickel Hoskins Mfg. Company Hard )
Monel - Alloy Metal Wire Gompany- —l
Isogclastic Chattilon & Somns, Ltd. -

Wires in Series and Parallel

In temperature—-compensated gages it is necessary to
place different wires in serlies or parallel in order tHo
obtain compensation. It is possible to compute the strain
sensitivity of the combination, knowing the strain sensi-
tivities of the individual wires in the ‘type of mount con-
cerned, Let one wire be of resistance R and sensitivity
S, and the other wire resistance R!' and sensitivity St.
Then if the wires are connected in series the over-all
stroin sensitivity is ) )

RS + R'S! RR'? r S St
Sgeries = = -t (2)

R + R! R+ R'L R! i3

and if the wires are in parallel, this-equation becomes

5

RR! [s . St
R R!

parallel - R ; R° +‘——j _ (3)
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It will be shown later taat, if a compensaited gage 1s made
by connectlang a wire with a positive temperature coeffil-

cient of regsistance with a wire with a negative coefficient,

the gtrain scnsitivity will be the same whether the wires
be connected in shunt or in series.

Table IV gives the computed and mcasurcd resistancos
and gtrain sensitivitios of two gages emhodrying a copcl
and a nichrome wirec in parallol, ombedded in paper-lami-
nated Bakelito.

TABLE IV

Computéd and Experimentally Determined Straia Sensitivitles

. Resistance, ohms ! Strain scasitlivity |

Ge.ge 1 —i

Computed L Measured | Computsd Measura>d l

PB 6 22.95 [ 23.0 l 2.54 i
i

PB 8 24.5 i 24.53 . 2.47 ;. R.47 !

: it = S i

TEMPERATURE COMPENSATION

Temperature-Reslstance Propertios

The second problem attackod in the presont investi-
gotion is that of temperaturc compensation. To this end
many tomperature~resistance tevsts of both frec wircs and
wires moldeod in to form gages were made.: Tho following
conclusions were obhtained.

(a) The tomperaturc-resistance curve of a bare wire
is a straight line. do hysteresis is evident
between the heating-up and cooling-down paths.
It was confirmed that constantan and manganin
wires have nearly zero temperature coefficients
of resistance and that ohmax wire has a nega-
tive coefficient,

(b) Wormally, the temperature-resistance curve of a
wire molded into a plastic igs a straight line
without hysteresis. This result is true if
the "gage®™ be tosted ecither freec or clampod
or cemented to stecl or to duranlumin.
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Advance and ohmax wires are oxceptions tc thie rule;
it appears that the molding or ceastling tom-
perature is sufficient to causc a structural
change in thesc wires. After thesc wires are
cast in Lucitc by heating to about 60° 0, for
3 days, the tomporature—-resistance relation-
ship consists of norlinear curves forming
largo hysteresis loops betwocen heating-up and
cooling~down paths. Thesc wires molded into
Lucite in the shortecst possible time give
linear temperature-resistance curves without
hysteresis. Slight increcases in molding time
seriously affect the value of temperaturc co=
cfficient of resistonce. A further slight
increcase produces gages which give hysteresis
loops on tracing thormal cyecles., Hence, ad-
vance and ohmex, which appear the most promis-
ing wires for making temnperature-compensatcd
gages, must be abandoned.

(c) Where the behavior of & molded-~in wire .with tem-
peraturce 1s normal, the strain and tempera-
ture effocts appear to be iadependent.

Methods of construction of temperature-compensated
gages will be considered and, subsequently, the independ-
ence of the strain and thermal effects. ' —

Construction of Temperature-Compensated Gages )
Under the heading of temperature~compensated gages
will be considered the possible methods of temperaturc
compensation, the theory of design of cach method, and the
degreo of success which has becon obtained. The following
synbols will be uscd: ) R

B, teomperature coefficicent of resistance of a wire
molded in & gage. - : - oo

B,, temperaturc coefficient of a wire (or combination
of wires) in a gage, clamped or comentod to
steel.

Ba’ temperature coefficient of a wire, clamped or co-
mented to dvwralumin. :

oar, Ggs g, cocfficient of linear cxpansion of rosin,
stecl, and dural; respoctively.
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P Py, stross ecuivalont of tcemperature, stool, and

1t R .
duralumin, recespectively.

Stress Equilivalsnt of Temperaturc

The stress aquivalent of temperature is the over-all
measvre of the exactness of temperature compensatlion of a
gage., The stress equivalent -of temperature in steel P,
is defingd as that strass in a steel bar to which the gage
ig attached necocssary to cause the same increasec in re-
sistance of the gago as would 1° ¢, rise of tomperaturc.

P,5 ' '
Hence —é— = B, or P, = (30 B, x 10°)/s
and Py = (12 B, x 10°%)/s (4)

A strain gags of the Tuckerman or Huggenbergoer type {made
in steecl) is not tomperaturc-compensated whon attached %o
duralumin; the value of P; for these gages 1is

(25 = 11) x 12 = 168 pounds poer square inch. In this work
a value of +£100 pounds per sguare inch for P, or Pj.
has been regarded as the outside pormissible value, though
it has been possible to obsain without difficulty values
about +10 pounds per square inch per 9C.

The following are the possible methods of censtruc-
tion: T ’

{(a) By embedding a single wire in the plastic material.

({b) By embedding two parallel wires, conhgcted in
series or 1in parallel, one with a positive ard
one with a negatlve temperat ra coefficient of
resistanco. - T

(c) Using one kind of wire, part lying along tho
length of the gage and puart dlsposod at right
anglese.

(d) By embedding a wirc with negative strain scnsitiv-~
ity together with wires w1th positivc strain
sensitivity.

Mcthod (b) has been successfully worked out. Method
(¢) is now a possidlo solution. Method {2) might give

Sh



N.A.C.A. Tcchnical Note Ho. 744 21

success after o prolonged investigation of suitable ma-
torials., Hethod (d) is virtually unworkable. The ox-

perincantal rosults supporting those conclusions arc now
civen.

Single Wire in Plastic Materieal

It wes hoped that advance - wire {(constantan type)
whon cmbeddecd in resin nnd ccomented to stecel would have!
a vory low temporature cocfficient of resistance and
would thereforoc act as o temperature-compensated gZogs,

As prceviously mentioned, it was found that the tcmpsora-
ture coefficient of rosistonce of such o goge was very
variable, dependlng critically on the molding conditions.

Toradamaada TAaAnamndtme dm +ha Famomanntdmmacrnnadadbtmnma mhamm;mno
gV bLbLULUOLO -LUUBJ.J.&E o L vl uhmyb-‘.uuu&u .LL;D-LD\JL.;.U.UU Ciluhvd Lt ™

teristic arocsc on molding for o slightly longer time or
on castiang.-

O0f all.the many wires tested, the only oance found to
bo anywherc neerly componsatced was copel wirc, This wire
was found to have a negative tomporature cocefficicnt of
resistancee. The following dota were obitainecd with gages
consisting of copel wires embedded in ILucite and in pwper—
laninated Bakelito, ccemented 3o duralumin.

TABLE V

Copel Gages: Dural

Tenperature D P
cocfficicnt Strcss

Goge Resin cenentod Strain cquivalent of
to dqural scasitivity ! temperature
Bso S Py
(1b./sq. ia.)
MM 17| Lucite -37 .4 2.40 -187
PB 4 |Bokolite | °  =55.2 2.38 ~278

The simple copel gage is thorefore not suffic1ontly closec~
1y conpensated to be of any use.

This nmothod nmight bpe nade to work dby bhkinb a suit- |
able wire, such as isoclastic, nichrsme, copel, etc., and
hoat-treating this wirc. It might be possibdle to adjuss
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the tenporaturo coefficient of resistance by sulitablo bol-~
ing to values that arc noarly zcro when the wirc is molded
into a plastic mount and cemented to stoel or duralumin.

Wires with Posltive and Negative Temperaturo Coofficients

Another method rcqulres two types of wire, onsc of
which must have & small ncgative ftemperature cocfficiont
of resistance and the other a small positive coofficicntb.
The stipulation of small valucs of coefficient is made so
that sllght errors 1n the construction of the gage will
not cause seriocus errors in tcmperature compensation.

Ohnax was first usod for the negative componont,. It
was found that slight prolonzation of molding tlme producod
temperature~resistance hystercsis. Ohmax has to be weldced,
and the spot-welding of exact longiths of f£ine ohmax wire
to nickel gasuze is a rather difficult oporation. Subsc-
quently, copel was found to have a negative tempoerature
coefficicent of resistance, smaller than that of ohnax,
and the wire could be casily soldered. Copol was thore-
fore chosen for the negative conponent. Table VI gives
the necessary data for copel molded in Bakelito and in
Lucite for steel and for duralumin.

TABLE VI
Tenperature égofficicnt Stress oquivalcnfﬂ

of roesistance of temporature

Rosin (1t./sg¢. in.)

On steel On dural On stecl ;On dural

B, Bz Py Pa

Bakelito ~76.3 -55.2 -962 -278
(laminated)

Lucilte -62.2 -37 4 =777 ~187

For the wire with positive coefficiont,
lowest coefficient.
ruled out owing to its erratic behavior and manganin,
ing to its low straln scnsitivity.

chosen,

since it had the

shows how Nichrone comparcs with other wires.

iiichronec was
Advance was

[0} nd

The following %tablo
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.TABLE VII

74

23

Characterlstics of Wires with FPositive Temperature Coefficicnts

Goage cemented to steel

Gage cemented to dural

i Stress Strcssf
Wire Resin Temperature! equiv- |Temperature|cquiv-
coefficient| alent jcoefficlent| alent !
B]_ Pl BB PB E
Nichrome Bakelite 182 1,910 222 932
(laminated)
Isoelastic Lucite 523 5,340 - -
HMonel Lucite 502 7,840 -~ -
C-stecl Lucite 2,890 34,600 - -

(piano wire)

Dosign of Nichrome-Copel Compensated Gages

Enough data ars now avallable to design temperature-~

compensated gages.
lengths of copel and nichrome wire be
the temperature ‘coefficients,
respcctively,

tively,
be Bl
ties S

Jires in parallel. -

and B, "',
and

St.

from

R + R!

RR!

to

R

If the temperaturs risos
the resistance of the gage, with wires in parallel,

and R!,

tO

RR'(1 + 8,5)(1 + B, %)

R+ R' + (R B, + R!' B, ')

Let the reasgistancos of the reguirecd
respec-—
cenented to steel,
and the strain sensitivi-

c.

rises

The condition for ftemperaturc compensation is that thls in-

crease be zZero,

or

hence

BB,

+ R' B,

-81
By

R
R!

= 0

(5)
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This ig the condition for temperature-compensation on
esteel, when the wires are placed in parallel. For compen=-
sation on duralumin, the condition becomes

R' B!

Tinder these conditions, the over-~all sirain sensitivity of
the gage (escuation (3)) becomes -

B,S' - B,'S __
Sparallel = : for steel . (7)
g, - B,
BoSt - B,t8 ) .
syarallel = =2 for dural (8)
Ba - Bz S

Thus the strain sensitlvity of the compensated gage lles
between the straln sensitivities of the component wiras,
The sonsitivity of the stnel gage 1is sllbhtly diffcrent

from that of the dural gag

Wireg.in series.- The copndition fer temperature com-
ponsation on sfteel with wires In serics becomes

R L' (9)
R!? B1

The strain sensitivity 1s the same as for parallel connce-
tion. Thoe choicc of scrics or parallel connection 1s de~—
termined by the_relative lengths of wiroe required.

¥ichrome~Copol Gage for Stoocl

The specimens usced had the following resistances per
foot:

Wiro "Diameter Resistence
(ia.) (ohms per f£t.)
Fichrome 0.0601 680

Copel _..0015 . 136
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The ratio of the length of Hichrome to copel wire can now
be computed. For serics connection, compensation on stcol
thils ratio ig 8.4 percent. For parallel connection, com-
.pensation on steel, the computed ratio is 477 percent. _
Fo¥ compensation on dural it is 80.6 percent. Bence, for
the wircs avallable, the parsllel arrangement was chosen
as being the morec suitadble. : - -
When the wires arc about the same length, the charac-
teristics of e gage change only slowly with slight changes
in ratio, suning that the tenperature coefficients of
resistonce of the wires do not vary from gage to gags.
T"he first few gages, made before correct data had been ob=-
tained, possessed length ratios of Fichrome to copel of
53 percent (for steel) and of 73 percent (for dural).
Table VIII gives the characteristics, computed 'from later
data, for some of these early gages.

¢

TABLE VIII

Comparison of Computed and Measured Properties of Nichrome-Copel Geges

] . Nichrome- | Temperature coefficient Stress

Gage |Compensated conel of resistance, cemented squivalent

. No. for’ Llength - measured
: ratio Computed | Measured (1v./sq. in.)

(percent) .

PB 5} Steel s57 : -7.30 -10.0 ~122

=8 16 Steel 56 —8,23 -10.2 -125

3 8 Dural 73 - +4,.52 +2.94 +14.3

,The computed date will be observed %o agree well with the
neasured data and, in spite of the wide difference beitween
‘the correct lcngth ratios for compensation and the ratios’
glven, the degree of componsatlon is quite good, "espocially
in the case of specimen PB 8. The length ratio does not |
therefore appear to be critical., Gages arc now being made
with the leagth ratios given in table VIII. Difficulties
are, however, being experienced in assessing the stress
equivalent with the present equipment. '

It is suspected, however, that thecre may be some vari-
2b1ility in the characteristics of the wires after molding

in. The molding temperature (140° C., for 15 minutes) might
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have some effect on the complex alloys used, so that
slightly differcnt molding times night—produce appreciadbly
differont temperaturc coefficicents. The coofficiont of
cxpansion of laninatcd 3akelite is about 30 x 10~% per ©C.,
i.e., slightly greater than that of duralumin. Hence, in
the cooling down of the gage after conpleiting thoe molding,
e lincar conpressive straln in the wire of about 0.002
inch per inch 1s to be cxpocted. It nmight be possibloe
that the compressive strain suffercd by the wirec on cool-
ing be of a hydrostatic nature and therefore has no large
effect on the properties of the wire.

Othor Aspecis of Two~-Wire Gages

A gage of two-wire type may be temperature—~compensated
as closely as 1is desired by means of external resistances.
In the series type, the predoninating resistance is shunted
by a resistance external %o the gage; this resistance night
be a small coil of constantan wire 1lightly cemented %o the
surface of the gage. In the parallel wire type, the ro-
sistance i1s placed in serics with one of the wires.,

In this way it could be possible to make o gage do-
signed, say, to be compensated on dural to be compensatoed
also on stecel. Such & gage, when cemented dircectly to
stcel, would have a tcmpersturc cocfficient of the order
of =35 x 10~% per ©C., corresponding to P, = -450 pounds
per sguarc inch per-degreo. Phis value can be nmade zZoro
by placing o resistance in scrios with the copel wire.

Compensation in this manncr is very 4difficult, since
the required resistance is very criticel and has to be do-
termined by trial. Figure 14 shows the. results of tests
on a copel-advance goage molded in Lucite, contalning a
copel wirc of 29.9 ohms rosistance (the ncgatlve component)
in series with an advance wire of 23.0 ohms rceailstanco.
This gagc, when clanped to duralumin, was found to be vory
nearly perfectly compoensated for temperaturc. When clanped
to steol 1t had a temperature coefficient of resistance of
B, = =27.6 X 107°¢, corresponding to a stress equlvalent of
P, = -340 pounds per sguare inch In steel, Teate were aade
using different values of cexbternal resistance in shunt with
the copel wire., TFigure 14 shows the observed values of R
B1s, tho computod values of S and the values of Py for
differeat values of the external rosistance. It is observed _
that ©P; variles rapidly in the recgion near where P, = 0. ' .
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It is possible, however, to arrange o .gage compen-
sated for both steel and durclunin, for example, by having
2 tap in the nichrome wirc in the unichrome-copel design.,
If part of the nichrome wire is shortened so that its of-
feetive length is rcecduced from 8l percent to 48 percent
of that of the copel wire, a "durall® gage is then compen-—
sated for steel. o S

Self~Compensating Gage o

If 2 goge be constructed of a length of wirc of re-
sistonce R, 1lying along the length of the gage, and of
a length of the samec wirc of resistance R, arranged at
right anglecs to the length of the gage, then this gagse
ghould neasure the differcnce in strains aldng and af
right angles to the axis of the gage. Thesc resistances
forn adjacent arms of a Wheatstone bridge (fig. 15). If,
for oxonple, the gage bce cerented to a bar subjected to
a sinple tension strain e, then the resistances will
change to h

- -

R,(1 + Se) and R (1 - Scoe)

Hence the ratio changes from

Ry R,
— %o —-—ll+s(1+cr)e1
Ry 2z L J

The deflection is therefore linear with strain. Such a
gage should De self-compensated, for, if the resistancesin
the Zage be heated, these will increase in the same pro~
portion and hence the ratio of the arms will not be changed|
temperature effects will thus cause no deflection of the
salvanometer,

Much effort was expended in. the earller stages of the
rescarch to make compensated gages in this manner, using )
cast Bakclite and cast and molded Lucite for the mount. It
was not found possible to cement these carly,'comparatlvely
thick, gages effectively in the lateral direction. Fhis

method of construction might be successful, using the pros- .

ent 0,010 inch thick bakelite gages.
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Gage wilith Nogatively Strain-Sensitive Wire

The ncgatively strain-scngitive wiroc type of gage
would cortain three types of wire, Joined in series. One
wire would be the wire of negetive straln sonsitivity
forming one arm of—the bridge. The othier two wires would
be in an adjacent arm and would be arranged to have the
same over-all temperaturc cocfficicnt of resistance as theo
negatively strain-sensitive wirc, In thise way, the strein
effects of the wires would reinforce cach other, and tho
thermal effocts would counterbalance., Phe wires of nega~-
tive straln ssnsitivity appear to have extremecly hlgh tem-
perature coefficlents of resistance (e.g,, for l-percent
Mn nickel 8 = 2440 X 10~ % per 9C.) rondering this mathod
impossible. .

Measurement of Temperature Cocofficieni{ of Rgslstance

Changes of resistance wilth temperature were obtalined
by heating the spocimen slowly (6° C. per hour) in a well-
stirred o1l bath, the temperatures being read on a ther-
mometor graduated in tenths of degrecs Centigrade. Filg-
ure 16 shows tho apparatus arranged for a thermal test.

On the electrical side, the arrangement was +the same as
for the strain tests. It has becn mentioned that, with
the commercial bridges used in most of the tests, a change
in resistance in a gage of 25 ohms of about three parts
per million can be detected. Though this scnsitivity is
ample for strain measuremonts, it—is too low to assess
accurately tho degree of componsation of the.recent gages.
Better apparotus 1s being consequently desipgned for this
purposc.

Independence of Strain and Temperature Effects

The theory of temperature compensation of-wire strain
gages presupposes that the effeects of temperaturc and of
strain on resistance are independent, in other words, that
gages compensated at zero strain are compensated for tem-
poerature olso when under load. This fact could be checked
by cementing a tomperature-compensated gage to a bar,
placing the bar in bending, and making a thormal test on
the gage. This method has nat yet been triecd. If a goge
be cemented (or clamped) first to steel, then to dural,
and firally left free, and i1f a thermal test be made on
the gage in each state, the temperature coefficients ob-
tained in each case should be related by a simple law.
This law has been checked on a few occcasions and has been
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found %o bec reasonadbly true. The theory and data are giv—
en in the following parazraphs. ) - -

Coasider a finc wire embecdded in synthetic resin, in
the form of an cxperimental zage. When such 2 gage 1s
heated, it cxpands linearly ot a rate given by the cocf=
ficlent of expansion of the resin, since compared to that
of the resin the cross-sectional area of the wire is
noglipgible, The cocfficient of cxpansion of rosins is
much groater than that of metallic wires. Some values
are Zilven ian table IX. g oo

TABLE IX

Cocfficient of
Resgin linoar expension
per °C. ay x 106

Bakelite 30 ) _
(la2minated paper)

Bekelite (cast) 60

Lucito ... 70

Eence on heating the gage, the wire is stretched clasti-
enlly by the resin. It would thus be expected thaf the
toenperoture coefficicnt of resistance of the wire when
embodded in resin would be grcater than that of the frec
#wirc. Furthermore, if the gage be firmly cemented to a
metal bar, and so consirained to expand thermally at the
samne rate as the bar, the itemperature coefficient of ro-~
sistance of tho cemented gage would be expected to be de—
peudent on the coefficient of cxpansion of the bar.'

Assume that the lateral strain of the _gage has no
effect on the resistance of the wire. Gonsider two i&en:u
tical goges, onc firmly cementod to a stuel bar and the
other free. Let both be heated through 1° C. Let the
stecl bar be now stretched so that the total increase in
length of its gage, due to temperature and strain, Is
the samc as the incercase in length of the free specimen.
If the lateral restraint of the cementcd gage can be ne-
glected, thre woages ore under identical conditions, hence
the incrcascs in resistance must be the samc. The in-
crensc in reslstance of the cemented gage is then R B,
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(whoere R 1is the gage resistance) owing to temperature
rise of 10 C. and is RS(ay - og) owing to the subse-

quent strain, where the symbols are as previously de-
fined. The increase in resistance of the free gage 1is
R B, hence

B + S(O"r - a's) =B : (10)
If the cemented gage be attached to dural,
Bz + S(ap - @d)_= B

therefore,

Bg -=.B1 = {ag ~ ag)S (11)
Taking ag = 24 x 10-8, qa = 10 x 1078,
(Bg = B,) 10° = 14 s (12)

The following table gives some data collected during the
course of the research on five gages, of which one 1s
molded from laminated Bakelite, three molded in Lucite,
and onc casgt 1in Bakclite,

The results of two of the five sets suggest that tho
temperature and the strain effecis are independent and
that lateral effcects are negligidble. The other threc re-
sults might contain some incorrect data, yet they suggost
that theso conclusions are not true. For final confirma-
tion, it 1s necessary therefore, as Pproeviously mentioned,
to make a thoermal test on a compensated goege under straln.
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CEMENTIHG OF GAGES

A strain gage 1s essentially an instrument which can
measure with sufficlent accuracy the strain ocver any suit-
able gage length and which can readily be calibratad. It
is therefore highly desirable for the resistance strain
gage to be able to be firmly cemented to .a metallic sur-
face and also to be capable. of removal for previous or
subsequeant cclibration when necessary. This removability,
and tho property of individual calibration, difforcecntlates
the type under development from a nonrcmovable assembly
of wiros capable of meoasuring straln. This lattor method
has beoen shown by Professor Ruge of the Massachusetts In-
stitute of Technology to work very successfully. By the
use of a cement, such as cellulold dissolved in acetone,
the mounting problem, and the effect of molding temperaturc
and molding strains mentioned previously, do not exist.
Novertheless, it 1s felt that a gage which can, if necos-
sary, be individuslly calibrated.for straln sensitivlity,
temperature compensation, and maximum allowable strain and
which can be shipped thropgh the mail and attached by un-
skilled labor, is very desirable. The problem of cemonting
ig thereforc not the least important of the problems asso-
ciated with the construction of slectrical resistance
strain gages.

Hot Cemcnting

De Khotinsky cement (hard grado) 1s a very satisfoc-
tory hot cement for laminatod bakelite gagcs. The motal
surfaco is heated to 135° C., and tho cement sprcad on.
The gago 1s then gontly placed in position and tho metal
allowed to cool. Thr gage can be removed cither by ro-
heating the nectal or by dissolving in alcohol.

Lucitc gages cannot be attached by dc Xhotinsky ce-
ment, sinco ot the requircd toumperature they soften and
warp, oring to the release of internal molding stresscs.
Likewise, d¢ Khotinsky ccrent 1s difficult to use when tho
gage has to be attached to 2 large nass of duralumin such
as o propeller blade. The great heat conductivity of
duralunin and heat-trcoated aluminum alloys makeos it dif-
ficult to obtain the proper local temperaturc without doan-~
ger of overhcating the metal and changing its strongth
charactoristics. 4 cement that will set without elevated
tenperaturc, even though nore time is required, is highly
desirable.
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De Xhotinsky ccment appesars t0 be comnpletely cffec-
tive up %o strains of 0.07 of 1 perceant, which is the
maximum strain used at present in the tests. In the
stroin tests on compensated gagses (and under steady tem-—
peraturc conditions on uncompensated gages) readings at
8 given strain are almost identically reproducible when
de Khotinsky cement is used; no cdreep 1is observable. (See
table I and fig., 13.) To strain a bakelite gage 3/8 inch
wide by 0,010 inch thick by an amount of 0,0007 inch per
inch requires a pull of about 2.6 pounds. If the only
arca ceffective in cementing the gaze is assumed to be a
tab of about 0.l14 square inch area beyond the terminal
points of the wires, then the mean shear sftress in the
cement becomes about 20 pounds per squaré inch., There
scems to be no reason why the laminated bakelite gage
should not go up to strains of 0.2 of 1 percent, corre-
sponding to & shear stress in the cement of about 60
pounds per square inch.

Theore is reason to suspcet, however, that the suc-
cessive heating and cooling of the gage involved in ce-
menting and romoval might affeet its characteristicse.
Phis point is at present being 1nvest1gatad; Prolongod
baking of thec gagce before calibratzon or use miﬂht over—
come any such trouble.

Cold Comenting

The cold cemcents which hove becen studied are plestic
wonod, Duco, ond casein cement. All thesc ééménts have
been tried using various Lucitc specimens., Their use with
the laminated bakelite gagos 1s now being studied. Plas-
tic wood sesems to be the best, having good adhesion to S
steel, duralumin, and Lucite. Mable XI gives dato obtained
in a strain test on a Lucite gage.with copel wire cemecnted -
0 a stcel bar with plastic wood. These results are plot-
ted in figure 17,



34 N.A.C.A. Technical ¥Note .¥p.. 744

TABLE XI
Strain Tost on Gege MK 17: Copel Wire Molded in Iucite
Cemented with Tlastic Wood to Steol
Gago rosistance 69.4 ohms

[Galvonomoter calibration 49.1 divisions = 1 ohm chenge in rosistance ]}
. " Cae - _

o ) Goalvanometer readings
Stress T —

in First cyclo Sccond cycle
stecl :

(1b./sq. in,) noad ~ Loead Toad Load
increoasing decreasing increasing docreasing

4,287 5.80 > 5860 5.65

!/ : f&

8,533 6475 6.80 1 8,75 €.85
12,800 - 7.90 7.55 ?l 7.50 7.95
15,067 - | $.03 5,05 - 9,05 9,06

. T 7 AR
" 21,333 T~ 10.20 -7 ‘ ~> 10,23 -

A slight hysteresis is observed in the readings; n»ven
so, thc average width of the hystoresis loop corresponds
to about 200 pounds per square inch or roughly 1 perccent
of tho %totzal strosse range,. )

Bolkolite gages attachoed with plastic wood moay be
quickiy romoved by soaking for o few minutes 1n acctone.
Lucite goges .cemented to stecel may bo removed by soaxing
for scveral hours ir strones (20 percent) caustic soda.
This method, of course, cannot be usced for Luclto gages
comented to duralumin. -

Cnesein ccment ssems to lnck adhoeslion to stocl and to
attock duralumin, belng alkalinoe. Thies difficulty con be
overcomo by intorposing o layer of unslized pepoer cemonted
with Duco c¢cment. Neverthoeloss, tho adhosion to Bakelizo
ond Luelite is poor, fairly widoc hysteresis loops aroc pro-
duced, rnd crecp 1is observable on locding. It scems pos~
eible that the cementing proportics of tho bokelite pagoe
might be improved by using a shect of plain inetcad of im~
progunatod paper foxr tho lowest shect when the sZages arc
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moldcd. Casecin cement ean be removed rcadily with caustic
soda; though this cemcnt does not attack Lucite or steel,
it attﬂcks dural and also the cellulosic filling of the
bakelite gasos.

Onc atteapt using Duco with a Lucite gage was unsuc—
cessful., This cement, together with cemonts of the ureca-
forunldehyde type (which arc quick-setting) will be trled
on the bakelite gagess

COHCLUDING REMARKS

l. A method of making clccirical strain gages of the
resistance type has been developed. Fine wires arc molded
into lominated Bakelite (paper filler). These gages are
about 3 inches long by 3/8 inch wide by 0.010 inch thick.
Temperoture compensation is effected by having iw scries
or parallel wires with positive ~nd negotive temperature
cocfficients of resistance. The proportions of the wires
are ¢iffercnt, in gages %temperaturc compensated for steel,
from those in gages compensatcd for duralumin. These gages
can be ccmented to steel or duralumin with de Khotinsky
conente

2. It has bheen found that, in any given dcsign, the
propertics of o gage arec not always reproducible, and
sometimes erratic resulls arc obtained., These results
night e due to overhu&tinr of the wires, ovorstraining
of the wircs on cooling tho gage, imperfect cementing
either of the wires in the gage or of the gage itseclf.

The conditions under which gages with romroducible propei-
ties can bpec made arc now being invesitigated. Cold-cement-
ing mecthods, obviating rcpeated heoting and coollng of thc'
Tage, arc hlso being tricd. T

When the correct conditions have boen established, it
is proposed to make Jigs for thec production of temperaturc-—
compensated gages of 2bout 250 ohns resistance, The appli-~
cablility of these gages up to stroins of 0.2 percent will
be studicd. It 1s proposcd to usc these gages on inpact
work. Short gage-length gages for work on stress conc»n-
trations arc also boing consildered..

3. Temperature compensation reguirements are such that
the change in resistance duc to temperature change is of a
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smaller order_-than the change in resistance due to strain,
Thls necossitates a much more sensitive apperatus for
measuring resistance changes thon is required for normal
strain mcasurcemonts. This nocessity will require the ds-
slgn of a special bridge to give the moximum semsitivity
with the given gage; also o more pensitiveo galvanometfor
will be rceguired, and this galvanometer must bz chosen
with the desired charactgeristics.

For work in the field, low-rcsistance gages and de-
flection methods of measuring resistance changes are un-—
desirable. In the first case, the resistance of long
leads might be of the order of 0.5 ohm} a gage resistance
of 250 ohms or moro is therefore reguired. A copel-
nichromec gage embodying four lengths of wire in a gage
1/2 inch wide and 3 inches long would have this resistance.
The deoeflection method reguires a long-scale, sensitive
galvanomoter, frce from vibration, and also a constant
voltage on the bridge.

A null method may be uscd by placing a high resist-
ance in sorics with a decade box across the balancing arn
of the bridge. Figurc 18 shows an arrangemecnt suiltadle
for use with the multiratio bridge. In this oxanple, the
gage resistance is 25 ohms., The balancing resistance con-
sists of the resistance R 1in the bridge and a shunting
resistance r, the value of r consisting of a resistanco
of 5,000 ohms in series with a dsccade box variable in steps
of 0.1 ohm. When the decade box reads zero and the resist-
ance R 1is set to 263 ohms, the balancing resistance will
then be about 250 ohms, which 1s the correct valuwue for
balance whon the ratio of the ratio arms is O0.1. If now,
the gage rosistance be altered by say 1 part in & millilen,
then to restore the galvanometcr deflection to zero the
balancing recsistance nust be altered by I poart in a mil-
lion by putting a resistancoe dr in the box in scries with
the 5,000~0hm resistance.

Henco, -
Rr a ~ L
LR
R+ x»/ 12 :
or

dr = Q.1 ohm

Hencoe, O.l-ohm steps in the external-resistance box correc-
spond to increases in gage resistance of 1 part in o2 mll-
lion.
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A null deflection method has two further advantages.,
The measured resistance 1s independent of voltage varia-
tions, and hence high-~voltage "BY batterics can be used
for supplying current. The only limitation is the permis-
sible current and power dissipation in the gage and dbridge
circuit,. The null deflection method also leads to the
possibility of using an a.c. voltage on the bridge, an
amplifier and oscillograph taking the place of the galva-
nometer; when no signal is recorded on the oscillograph,
the Dridge 1s balanced.

To summarize, the program of future work consists in
standardizing and producing in quantity wire-type resist-
ance strain gages as well as developing cold-cementing
nethods and methods of instrumentation suitable for use
in the field. '

Massachusqtﬁs Institute of.TFechnology,
Cambrilidge, Massg., July 1939.
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(a) Component parts

(v) Mold assembled.

Figure 1.~ Casting mold
for nucite.

l‘igure 6.~ Pressure
mold for
Lucite.
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(1) Single-decker gage ready for use.

Pigure 7,~ Incite Gages

(b) Gage ready for use.

Yigure B8.- Bakelite gages,
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Pigure 9.~ Arrengement of apparstus for
strain-registance test.

Figure 16.- Arrangement of apparatus for
temperature-resigstance test.
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Figure 10.- Bridge for test on low resistance gage.



N.A.C.A, Technical Note No. 744 : Fig, 11

. [w]
hd Lo
, \ =
\\ .B.
an
- =]
wel
&
3 =
\N (=] [=]
o o
(3} EL]
\ 2
- -
: 3
[»]
pey +
. g
@ wi
[&] -+
[=3 \ m m
o P b
: /) Z :
S _|m — m >
7 2 4
: gd @
y %
LN ] \ w
= =
i y
Y
']
7 :
\ |
-7
\ﬁ. o XK
: /
x x\\
\\
_x—]
(=]
2 F 2 3] = ©

¥ ut sfuwyd ¢ [ I0F woioeTFeq




Fig, 12
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